To assess associations between dietary intake and rates of change in insulin resistance and b-cell function in Hispanic women with prior gestational diabetes mellitus (GDM).
The development of type 2 diabetes is characterized by chronic insulin resistance and a progressive fall in b-cell compensation for insulin resistance (1) (2) (3) (4) . Previous studies (5) (6) (7) (8) (9) (10) have demonstrated that calorie restriction reduces insulin resistance, improves glucose tolerance, and delays or prevents the onset of type 2 diabetes.
Severe, short-term calorie restriction has been shown to improve insulin sensitivity and enhance b-cell function (11, 12) . However, little is known about the relationship between spontaneous calorie intake and long-term changes in b-cell function under free-living conditions. In this report, we examine this relationship using data from a cohort of nondiabetic Hispanic women with recent gestational diabetes mellitus (GDM) who were prospectively observed postpartum for up to 12 years in the University of Southern California (USC) GDM Cohort Study.
RESEARCH DESIGN AND METHODS

Study Participants
Selection of the original cohort has been described in detail previously (13, 14) . Briefly, pregnant Hispanic women referred to the Los Angeles County Women's Hospital for management of GDM between August 1993 and March 1995 were asked to participate in the USC GDM Cohort Study if they met all of the following criteria: 1) gestational age between 28 and 34 weeks; 2) no current or prior insulin therapy; 3) all fasting serum glucose concentrations ,130 mg/dL (7.2 mmol/L) during pregnancy; 4) otherwise uncomplicated singleton pregnancy; 5) negative for anti-islet cell antibodies; and 6) both parents and at least three of four grandparents born in Mexico, Guatemala, or El Salvador. All women underwent detailed metabolic testing during the third trimester (13) . They were asked to return to undergo a 75-g oral glucose tolerance test (OGTT) 6 months postpartum, and then for more detailed metabolic testing at intervals of 12-15 months starting at 15 months postpartum. This metabolic testing included measurement of body morphometry and composition by bioelectrical impedance assessment (BIA) of diet and physical activity (PA) by questionnaire and performance of OGTTs and intravenous glucose tolerance tests (IVGTTs) as described below. Women who had abnormal fasting or postchallenge glucose levels at a follow-up visit were referred to a dietitian for advice on nutrition and daily walking; no other formal intervention was performed. Participants remained in follow-up until they withdrew consent, were lost to follow-up, reached the final scheduled study visit 12 years postpartum, or developed a fasting plasma glucose concentration of .140 mg/dL (.7.8 mmol/L), at which time they were referred for pharmacological treatment. Women who were pregnant at the time of a scheduled follow-up visit were studied at least 4 months after pregnancy and at least 1 month after the completion of breast-feeding. A family history of diabetes was not assessed for this cohort.
All participants gave written informed consent for participation in the study, which was approved by the Institutional Review Board of the USC and the Los Angeles County+USC Medical Center.
For the present report, we analyzed data from the 62 members of the cohort who had baseline OGTT and IVGTT results without an indication of diabetes and returned to undergo at least one additional OGTT and IVGTT.
Testing Procedures and Assays
For each follow-up assessment, women came to the Clinical Research Center on two separate days, at least 48 h apart, after 8-12 h of overnight fasting and at least 3 days on an unrestricted diet. On day 1, a BIA and OGTT were performed (15) . On day 2, a frequently sampled IVGTT was performed (15) . Glucose was measured by glucose oxidase (Beckman Glucose Analyzer II; Beckman Coulter, Brea, CA). Insulin was measured by a radioimmunoassay (Novo Pharmaceuticals, Danbury, CT) that measured insulin and proinsulin with intraobserver and interobserver coefficients of variation of ,2.3% and 4.4%.
Dietary and PA Assessment
Trained bilingual interviewers administered both dietary and PA questionnaires. Dietary intake was assessed by the structured food frequency questionnaires developed for Hispanics by the Hawaii-Los Angeles Multiethnic Cohort Study (MEC) (16, 17) . The questionnaire consists of a list of food items including Hispanic-specific foods such as tamales and tortillas. Three choices of portion sizes, eight frequency categories for each food item, and nine frequency categories for each beverage item were used to record food intake during the past year. Total calorie and nutrient intake were computed from the percent contribution of the individual food items by the MEC team. The questionnaire was validated and calibrated in multiethnic populations by comparing the diet reported from a single questionnaire with three structured telephone interviews eliciting all food intake in the last 24 h (17) .
The amount and intensity of PA were assessed by the questionnaires developed by the MEC (16, 18) . The questionnaire was composed of a list of structured questions describing various types of activity (sitting, strenuous sports, vigorous work, and moderate activities, including sports and work) during the past year. Responses were then used to estimate the total number of minutes of moderate and vigorous activity per week. The total number of minutes for all activities was calculated as the number of minutes of moderate plus vigorous activities. The questionnaire was validated against doubly labeled water by the Energetics Study (19) . We previously showed that PA assessed by these questionnaires was associated with b-cell function in a separate cohort of Mexican American adults (20) .
Data Analysis
Insulin response to oral glucose was assessed using the 30-min change in insulin level computed as the 30-min insulin concentration minus the fasting insulin concentration. Insulin sensitivity index (S I ) and the acute insulin response to glucose (AIR g ) from the first 10 min of an IVGTT were calculated from the IVGTT glucose and insulin concentrations using the MIMMOD program (21) . Disposition index (DI), a measure of b-cell compensation for insulin resistance, was computed as the product of AIR g and S I . The percent of body fat and fat mass were calculated using the formula of Kotler et al. (22) using height, weight, and BIA measurements. Nutrient densities were calculated as the percentage of calorie intake attributable to the main macronutrients based on the calories in each nutrient (23) . PA levels were compared with the U.S. Department of Health and Human Services recommendation of at least 75 min/week vigorous activity or 150 min/week moderate activity for adults 18-64 years of age (24).
Fasting and postchallenge glucose and insulin concentrations, incremental insulin responses, S I , DI, and total number of calories were log transformed to approximate normal distribution prior to analysis. Rates of change were estimated by regressing follow-up data of each subject against the follow-up time for that subject. Mixed-effects models with random intercepts and random slopes were used to test for significant changes over time for S I , DI, body composition, dietary intake, PA levels, and other metabolic traits from results of the OGTTs and IVGTTs. An additional quadratic time effect was tested for evidence against the linear trend. If no significant quadratic time effect was observed, data analyses were conducted using linear rates of change over time.
Mixed-effects models were used to assess whether baseline calorie intake significantly predicted the rates of change in S I and DI for primary outcomes, and the rates of change in anthropometric and other metabolic traits from the results of the OGTTs and IVGTTs for secondary outcomes. Results are presented as unadjusted; adjusted for baseline age, BMI, levels of PA, parity, and baseline value of the trait (adjusted-1); and further adjusted for the covariates in adjusted-1, and for changes in BMI, total calorie intake, levels of PA, and additional pregnancies during follow-up as time-dependent variables (adjusted-2). Since calories accounted for by different nutrients have been shown to differentially affect body composition and glucose metabolism (25,26), we performed additional analyses exploring associations between dietary macronutrient densities (fats, carbohydrates, and proteins) and rates of change in metabolic traits. All statistical tests were two-sided. SAS version 9.2 (SAS Institute Inc., Cary, NC) was used for data analysis.
RESULTS
At baseline (Table 1) , the median age was 32 years and the median BMI was 30.3 kg/m 2 ; 36 participants (58%) had impaired glucose tolerance. The median calorie intake was 2,091 kcal/day, 33% from fat, 53% from carbohydrates, and 14% from protein. The fraction of calories derived from fat (33%) and saturated fat (11%) were slightly above the upper limits of 30% and 10%, respectively, recommended by the World Health Organization (WHO) for preventing diet-related chronic diseases (27) . The fraction of calories derived from carbohydrates was below the lower limit of 55% recommended by the WHO. Very few subjects were physically active; the median duration of total activity was 0 min/week. Only six (,10%) of the women met the WHO recommendation of .75 min/week vigorous activity for adults (24), and no women met the recommendation of .150 min/week moderate activity (24). Correlations between baseline total calorie intake and baseline anthropometric and metabolic outcomes were weak and were not statistically significant.
The median duration of follow-up was 8.0 years (interquartile range 4.5-10.8 years) with a median of five sets of OGTTs, IVGTTs, and BIAs per participant over the follow-up period. During follow-up, 41 women in the cohort (66%) experienced a deterioration of glucose tolerance over time, and diabetes developed in 27 of the women (44%), as determined by American Diabetes Association criteria (28) . Fourteen of the women (23%) experienced one or more additional pregnancies during follow-up, and 5 of them had GDM during these pregnancies.
No significant quadratic trends of change over follow-up time were observed for any metabolic traits (P . 0.14). Thus, only linear rates of change are presented (Table 1) . Measures of adiposity, fasting glucose, 2-h glucose, fasting insulin, and moderate and total PA increased significantly over time (all P , 0.001), while S I , AIR g , and DI decreased significantly over time (P = 0.0003, P = 0.001, P , 0.0001, respectively). No significant change over time was found for the 30-min change in insulin or in 2-h insulin on the OGTT, dietary intake, macronutrient densities, or vigorous activity (all P . 0.10). Table 2 presents associations between baseline total calorie intake and rates of change in metabolic traits over time. In the unadjusted analysis, higher total calorie intake at baseline was significantly associated with a faster decline in S I and DI (P = 0.029 and P = 0.027, respectively). Although statistically insignificant, higher total calorie intake at baseline was associated with a faster increase in adiposity, and fasting and 2-h glucose levels, and a faster decrease in 2-h insulin levels and AIR g . Adjustment for baseline age, BMI, parity, levels of PA, and baseline value of the trait had little impact on the results; higher baseline calorie intake remained significantly associated with a faster decline in S I (P = 0.035) and DI (P = 0.021). Although calorie intake did not change significantly over time among the entire cohort, an increase in calorie intake over time was positively associated with an increase in BMI, weight, and total body fat mass over time (P = 0.032, P = 0.024, and P = 0.025, respectively) after adjusting for baseline characteristics. Change in calorie intake was not significantly associated with rates of change in metabolic outcomes (all P . 0.11). Higher baseline calorie intake remained significantly associated with a faster decline in S I (P = 0.05) and DI (P = 0.034) after further adjusting for changes in calorie intake, BMI, levels of PA, and additional pregnancies during follow-up (adjusted-2). Further adjustment for GDM status in subsequent pregnancies did not impact the results. Sensitivity analysis excluding the six women who met the WHO recommended level of PA did not change the conclusion.
We tested whether the association between baseline calorie intake and rates of decline in S I and DI differed by whether or not 1) women experienced a deterioration in glucose tolerance, 2) diabetes developed, or 3) women had additional pregnancies during follow-up, using interaction tests in the mixedeffects models. Interaction test results were not significant for deterioration of glucose tolerance and additional pregnancies (all P . 0.55) and were of only borderline significance for the development of diabetes during follow-up for S I (P = 0.06 for S I , P = 0.79 for DI). Further stratified analysis by follow-up diabetes status showed that the inverse association between baseline calorie intake and rates of decline in S I and DI was a little stronger for women in whom diabetes developed at follow-up (b = 20.066 for S I , b = 20.035 for DI) than for women who did not developed diabetes (b = 20.033 for S I , and b = 20.016 for DI). Figure 1 depicts the covariate (from adjusted-2) adjusted geometric means for S I , DI, and fasting and 2-h glucose levels over the follow-up years when the cohort was divided at the median of the total baseline calorie intake (2,091 kcal/day). On average, the highcalorie group (median calorie intake 3,013 kcal/day) had a threefold faster decline in S I (20.06 vs. 20.02 units/year, P = 0.10) and a 17% faster decline in DI (2810 vs. 2692 units/year, P = 0.042) compared with the low-calorie group (median calorie intake 1,526 kcal/day). The high-calorie group also tended to have a faster increase in fasting glucose levels (0.08 vs. 0.06 units/year) and 2-h glucose levels (0.35 vs. 0.16 units/year) than the low-calorie group, although these differences did not reach statistical significance (P . 0.21).
For the macronutrient density analyses, we did not observe significant associations between specific densities from fat, carbohydrates, or protein and rates of change in S I (P . 0.10) or DI (P . 0.36) with or without adjustment for covariates. High fat density at baseline was significantly associated with rates of increase in BMI, percent of body fat and fat mass (P , 0.036 for each), and the rate of decrease in 30-min change in insulin (P = 0.031) after adjusting for covariates. High fat density at baseline was marginally associated with the rate of increase in fasting glucose levels (P = 0.07).
CONCLUSIONS
In this long-term, prospective, observational study of Hispanic women with a history of GDM, we made a novel obser- Table 2 -Associations between baseline calorie intake and rates of change in morphometric and metabolic traits during a median of 8.0 years of follow-up for the 62 women with GDM
Unadjusted
Adjusted-1 Adjusted-2 NA, not applicable. ‡Log transformation was applied prior to calculating annualized rates of change.
vation that higher daily calorie intake at baseline under free-living conditions predicted a long-term decline in insulin sensitivity and b-cell compensation. The predictive value was independent of baseline characteristics and changes in adiposity, calorie intake, levels of PA and additional pregnancies during followup. On average, the women in this cohort consumed a diet at baseline containing a slightly higher number of calories than recommended; the total calorie intake did not increase over time. On this background, adiposity, insulin sensitivity, b-cell compensation, and glucose levels all deteriorated significantly over time. Thus, our findings indicate that a prolonged high calorie intake may contribute to rising insulin resistance and falling b-cell function, independent of obesity. A few short-term clinical trials have evaluated the impact of calorie intake on insulin sensitivity (9, 29) and b-cell function (11, 12) . A 25% restriction in calories for 6 months caused a significant decrease in fasting insulin levels in nonobese subjects (29) . A caloric restriction to 800 kcal/day for 3 months reduced hepatic glucose production, and increased insulin sensitivity and insulin secretion in seven obese subjects with type 2 diabetes (9). A 3-month trial (11) showed that 74% of subjects increased both insulin sensitivity and b-cell function after a diet intervention of 1,200 kcal/day. A recent study (12) showed that very low calorie intake (600 kcal/day) could reverse declines in b-cell function and hepatic insulin sensitivity in 11 type 2 diabetes patients. In the current study, we showed that long-term high calorie intake was significantly associated with deteriorating insulin sensitivity and b-cell compensation, independent of changes in obesity, which we previously found to be associated with declines in insulin sensitivity and b-cell function in this cohort (15) . The association with caloric intake was a little stronger among women in whom diabetes developed during follow-up than among women in whom diabetes did not develop. One possible mechanism linking calorie intake to b-cell function decline is insulin resistance. Further adjustment for the rate of change in insulin sensitivity explained 46% of the association between baseline calorie intake and the rate of change in b-cell compensation, but did not completely eliminate the association. It is also possible that high calorie intake contributes to lipotoxicity (30) and inflammation (15) , which further contribute to b-cell decline.
High-fat diets have been shown to be associated with increasing adiposity, and impaired glucose tolerance and insulin action (25,31-34). We found that higher baseline fat density was related with a faster increase in adiposity and fasting glucose levels. Our results support the concept that high fat consumption contributes to obesity and rising fasting glucose levels. The fact that we did not observe significant associations between dietary fat density and the decline in insulin sensitivity and b-cell function could be due to the relatively narrow range of consumption in our cohort, which limits the ability to detect associations. It is also possible that it is the total calorie intake that drives the decline in insulin sensitivity and b-cell function, since foods are not consumed in isolation in a free-living condition. Declining insulin sensitivity and b-cell function lead to an increase in glucose; however, glucose levels rise slowly in the process of declining b-cell function prior to the onset of diabetes (1) . This explains why the deleterious effect of high calorie intake was less manifested on changes in fasting and 2-h glucose levels than on changes in insulin sensitivity and b-cell function in this study.
The strength of this study is the long time of follow-up with detailed OGTT, IVGTT, diet, and PA assessments at multiple times. Insulin sensitivity and b-cell function were measured directly by IVGTTs every 12-15 months. The dietary questionnaire was validated and calibrated for the Hispanic population (17) and was administered at the same time as IVGTTs. Unlike previous studies that investigated the impact of short-term calorie restrictions, we provided more realistic information about long-term dietary intake in a free-living environment. We also recognize several weaknesses. First, the relatively small sample size only allowed us to detect relatively large effect sizes. Second, only Hispanic women with a history of GDM were included. These women are at a high risk for the development of diabetes, and they were generally inactive. The variation in calorie intake and metabolic profiles in this cohort may be smaller than in the general population, which precluded us from detecting some important associations. The special cohort also limits the generalizability of the results. Third, although we considered weight, BMI, total body fat, and waistto-hip ratio, we do not have a direct measure of abdominal obesity. Last, causal inferences may not be drawn since this is an observational study, and it is possible that there are other unmeasured factors that may explain some of the associations.
In summary, we found that high baseline calorie intake in a free-living environment predicted declining insulin sensitivity and b-cell compensation over time in Hispanic women who are at high risk for type 2 diabetes. The associations were independent of baseline characteristics, rates of change in calorie intake, adiposity, levels of PA, and additional pregnancies during follow-up. Our results shed light on the importance of controlling daily calorie intake. We recommend controlling calorie intake to preserve insulin sensitivity and b-cell function, and to prevent type 2 diabetes. 
